Bacterial production at the expense of vascular plant detritus was measured for three emergent plant species (Juncus effusus, Panicum hemitomon, and Typha latifolia) degrading in the littoral zone of a thermally impacted lake. Bacterial secondary production, measured as tritiated thymidine incorporation into DNA, ranged from 0.01 to 0.81 ,ug of bacterial C mg of detritus-' day-'. The three plant species differed with respect to the amount of bacterial productivity they supported per milligram of detritus, in accordance with the predicted biodegradability of the plant material based on initial nitrogen content, lignin content, and C/N ratio. Bacterial production also varied throughout the 22 weeks of in situ decomposition and was positively related to the nitrogen content and lignin content of the remaining detritus, as well as to the temperature of the lake water. Over time, production was negatively related to the C/N ratio and cellulose content of the degrading plant material. Bacterial production on degrading plant material was also calculated on the basis of plant surface area and ranged from 0.17 to 1.98 ,ug of bacterial C cm-2 day-'. Surface area-based calculations did not correlate well with either initial plant composition or changing composition of the remaining detritus during decomposition. The rate of bacterial detritus degradation, calculated from measured production of surfaceattached bacteria, was much lower than the actual rate of weight loss of plant material. This discrepancy may be attributable to the importance of nonbacterial organisms in the degradation and loss of plant material from litterbags or to the microbially mediated solubilization of particulate material prior to bacterial utilization, or both.
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Emergent vascular plants account for a significant fraction of the primary production in shallow-water environments, such as wetlands and the littoral zones of lakes and ponds. Because carbon derived from these plants is difficult for most animals to assimilate, the bulk of vascular plant biomass is deposited as ungrazed material, to be processed largely via detrital food webs, originating with bacteria and fungi, rather than grazing food webs (31, 36) . In wetland systems, bacteria are apparently the dominant degraders of vascular plant detritus (5, 6) . Bacteria are able to utilize both the soluble fraction of the vascular plant (7, 16, 18) , which rapidly leaches from the particulate material into the dissolved organic carbon pool following plant death, and the highly refractory lignocellulosic fraction (5, 6) , which is deposited as particulate detritus. It follows, then, that bacterial decomposition of plant detritus may serve as a major pathway of carbon and energy flow in vascular plant-dominated systems. The fate of plant-derived carbon processed by bacteria includes mineralization via respiratory losses of bacteria, conversion into bacterial biomass, and, possibly, transfer to higher trophic levels in the aquatic food web via bacterivores (18, 35) .
In view of the important role of bacteria in vascular plant degradation and the predominance of vascular plant detritus in shallow-water systems, it is of interest to quantify the rates of bacterial secondary production on detritus derived from leaves and stems of vascular plants. Despite the likely ecological significance of secondary production by bacteria attached to plant detritus, rates of this process have been measured in only a few instances, specifically for the bacterial community associated with standing dead Spartina alterniflora in coastal Georgia salt marshes (17; S. Y. Newell, * Corresponding author.
R. D. Fallon, and J. D. Miller, Mar. Biol., in press), bacteria colonizing red mangrove leaves (1) , stream bacterial communities (17a, 37) , and bacteria on seagrass detritus (27) . Furthermore, the relationships between bacterial production and the physical and chemical attributes of the plant detritus have not yet been explored, so that effects of differences in plant species, chemical composition of detritus, and stage of decomposition of detritus on the production of attached bacteria are not known. The latter factor is probably important in that, as decomposition progresses, the chemical composition of detritus derived from each species is expected to undergo significant changes; both the percent nitrogen and the percent lignin generally increase as plantderived detrital material ages, while the C/N ratio decreases (35a, 38, 42) .
If bacteria are the predominant degraders of vascular plant detritus in aquatic environments, as we currently suspect (5, 6) , it follows that there should exist a direct and predictable relationship between the production of bacterial biomass and the rate of disappearance of the plant material which serves as the bacterial growth substrate. Quantifying bacterial production on vascular plant detritus would therefore allow a comparison of the calculated carbon demand by bacterial degraders with the measured carbon loss from the decomposing plant material.
In this study, we report rates of bacterial production, as determined by [methyl-3H] the relationship between bacterial production and initial differences in chemical composition, as well as subsequent responses of bacterial production to changes in the chemical composition of plant detritus through early diagenesis. We also examine the influence of temperature on the rate of bacterial production and, finally, determine whether secondary production of bacteria attached to plant detritus is directly related to the measured rates of weight loss for plant detritus decomposing in the lake.
MATERIALS AND METHODS Site description. L Lake was established in 1985 to receive thermal discharge from the L Reactor nuclear materials production facility at the Savannah River Plant, S.C. Thermal effluent enters the lake at the north end and gradually cools as it passes southward through the 6-km lake basin. In early 1987, aquatic macrophytes were planted around the lake periphery in an effort to accelerate the natural development of littoral and wetland vegetation. Of the many successfully established species, three emergent macrophytes were chosen for measurement of bacterial production, the rush J. efli.sius, the grass P. liemiitoio, and the cattail T. latU(folia. These plants are all high in structural, or lignocellulosic, material, although the amount varies among the species; the lignocellulose content averages 88, 75, and 65% of the plant dry weight for J. efJiisits, P. lIemnitoinon, and T. latif)lia, respectively.
Three locations in littoral areas of the lake (water depth, approximately 1 m) that differed in thermal regime were chosen as sites for incubation of the plant material. Site 1 was located at the north end, 100 m from the reactor outfall, and experienced the highest temperatures during reactor operation (up to 42°C). Site 2 was located midway down the western shore of the lake, and site 3 was located at the south end of the lake on the eastern shore. Sites 2 and 3 had similar temperature regimes and were only minimally affected by the thermal discharge from the reactor (Fig. 1) .
Litterbags. (20) . Plant material from the remaining litterbag of each set of four was transported from the field in an insulated container filled with L Lake water at ambient temperature, and bacterial production was measured immediately upon return to the laboratory (within 5 h of collection). Plant culms were cut into 0.5-to 0.8-cm sections. Three sections were measured for length and diameter, minimizing disturbance to the plant pieces, and then placed in an acid-washed, autoclaved test tube containing 5 ml of filter-sterilized distilled water. For each plant species at each site, tubes containing three live replicate samples and one tube containing a killed control sample (0.5 ml of buffered Formalin added) were incubated at the temperature of the lake water at the time of collection (ambient-temperature treatment). An additional set of tubes was incubated at 25°C to control for temperature effects on bacterial production (constanttemperature treatment).
[3H]TdR was added to each tube to give a final concentration of 10 nM. Following a 1.5-h incubation, 0.25 ml of 5 N NaOH was added to each tube, and after 15 min at room temperature, 1.4 ml of ice-cold 100% trichloroacetic acid was added and tubes were placed in an ice bath for 10 min (47) . After extraction, the tubes were sonicated for 20 min and was particularly abundant at sites 2 and 3. This insect larva creates tunnels for filter feeding in the plant stems and possibly feeds on the plant tissue as well (8, 45) . The shredding behavior of Polypedilum sp. makes it possible that total weight loss from the litterbags reflected insect-mediated loss of small particles of plant detritus through the mesh bags as well as microbial decomposition losses.
Degradation-dependent changes in plant chemistry. The composition of the plant detritus changed predictably as degradation in L Lake proceeded. As has been found in many previous studies of vascular plant decomposition (see, e.g., references 35a, 38, and 42), the percent nitrogen in the detritus increased with time (Fig. 3) , possibly representing accrual of nitrogen-rich microbial biomass, humification processes, or nitrogen fixation. Correspondingly, the C/N ratio of remaining plant material decreased as decomposition proceeded (Fig. 3) . Changes in nitrogen content were most pronounced for J. effusus at site 2 and for T. latifolia and were least evident for P. hemitomon, initially the most nitrogen poor of the three plant species.
The total lignocellulose content of the three species did not show a substantial change with time, except for an initial increase in the percentage of lignocellulose in P. hemnitoinon and T. latifolia, reflecting the leaching losses of nonlignocellulosic components of the plant material during the first 2 weeks of incubation (Fig. 4) . The lignin content, however, gradually increased with time for all species at all sites (Fig.  4) . This phenomenon of relative enrichment in lignin of degrading vascular plant detritus has been found previously (22, 25, 35a, 42, 48) and probably reflects the discrimination against the lignin component of plant detritus during microbial decomposition. The two polysaccharide components of lignocellulose, cellulose and hemicellulose, exhibited contrasting dynamics with time. The relative cellulose content of the plant material generally decreased as decomposition progressed, with the changes being most pronounced for J. effusus at site 2 and least pronounced for P. hemitomon (Fig.  4) . This preferential utilization (or removal) of the cellulose fraction of lignocellulose relative to the other structural components (hemicellulose and lignin) has been found previously for aquatic vascular plant material degrading in wetland ecosystems (35a) . The hemicellulose content showed no clear trends with time (Fig. 4) and appeared to constitute a nearly constant proportion of the plant detritus.
Site effects on bacterial production. Bacterial production on vascular plant detritus, considering all sites and all time points, varied from 0.01 to 0.81 tLg of bacterial C mg of detritus-' day-' (weight-based calculation; Fig. 5 ) and from 0.17 to 1.98 p.g of bacterial C cm-2 day-' (surface areabased calculation). The location in L Lake at which the plant detritus was incubated had a significant effect on measured bacterial production, since [3H]TdR incorporation rates supported by the bacterial assemblages attached to J. effiisus detritus were significantly different among the three sites for the ambient-temperature treatment (P < 0.05). For the constant-temperature treatments, which eliminated temperature variability among sites for the duration of the [3H]TdR incorporation experiments, bacterial production was not significantly different among sites. Average production (both temperature treatments combined) at sites 1, 2, and 3 was 0.12, 0.34, and 0.13 ,ug of C mg of detritus-l day-'.
Plant species effects on bacterial production. The production of attached bacteria was also significantly affected by the plant species from which the detritus was derived (Fig.   5 ). The average bacterial production on J. effisus, P. hemitomon, and T. latifolia detritus at site 3 (two temperature treatments combined) was 0.13, 0.04, and 0.25 ,ug of bacterial C mg of detritus-1 day-', respectively, and differences among the plant species were significant both for ambienttemperature incubations (P < 0.01) and constant-temperature incubations (P < 0.01). Differences in the ability of various types of plant detritus to support bacterial production may be related to the initial chemical composition of the APPL. ENVIRON. MICROBIOL. plants ( Fig. 3 and 4) , since the three species differ in nitrogen content (1.1% for fresh J. efflisus material, compared with 0.5% for P. hemitomon and 1.3% for T. latifolia), C/N ratio (40.6, 90.4, and 36.4, respectively), lignin content (3.4, 6.4, and 5.8%, respectively), lignin/N ratio (3.1, 12.8, and 4.5, respectively), and lignocellulose content (88.2, 75.3, and 65.5%, respectively).
Interspecies differences, however, were apparent only when bacterial production was calculated on a weight basis. On a surface area basis, production of detritus-attached bacteria did not differ among the three species (0.56, 0.43, and 0.42 p.g of C cm-2 day-1). Our measurement of surface area is possibly not an appropriate representation of the area available to bacterial cells, since the microscopic topography of the detritus may be unrelated to the macroscopic linear measurements made on pieces of plant stems. Nonetheless, expressing the production of attached bacteria on the basis of macroscopic surface area of the detritus apparently eliminates differences among plant species. The ratios of (nominal) surface area (in square millimeters) to weight (in milligrams) for fresh plant material of the three species were 18 (J. effusus), 6 (P. hemitomon), and 49 (T. latifolia).
Predictors of bacterial production on plant detritus. Environmental and chemical composition variables were tested as predictors of bacterial production on vascular plant detritus. Several of these were not independent measures ( Simple regressions showed bacterial production to be significantly related to temperature, specific rate of weight loss, nitrogen content, C/N ratio, lignin content, and cellulose content for weight-based production calculations and to temperature, cellulose content, and hemicellulose content for surface area-based production calculations ( Table 2) . As all species at all sites were grouped, these analyses encompass the effects both of inherent differences among plant species with regard to initial chemical composition and differences with time within each species related to decomposition-mediated changes in chemical composition. In general, production by attached bacteria increased as plant detritus aged, for production expressed both on a surface area basis and, more so, on a weight basis (Fig. 5, 25°C data; slopes significantly different from zero for J. effusus at sites 2 and 3). Thus, production was negatively related to variables which decreased as the detritus aged (percent cellulose and C/N ratio) and positively related to variables which increased as the detritus aged (percent lignin and percent nitrogen). Multiple regression techniques were used to identify the factors most useful in predicting bacterial production on plant detritus. For bacterial production calculated on a weight basis, the cellulose content of the plant detritus, water temperature, and specific rates of weight loss were all important variables in predicting bacterial production (4, 32) , low in initial lignin content (19) , and low in structural (or lignocellulosic) material (22) ; have a low C/N ratio (43) ; and have a low lignin/N ratio (4, 34 The temperature of the water in which the plant material was incubating was one of the important predictors of bacterial growth, whether production was expressed on a weight basis or on a surface area basis. This is an expected result and is in accordance with the known importance of temperature in determining rates of plant decomposition in aquatic ecosystems (3, 11, 46) . That intersite differences in bacterial production (site 2 > site 3, site 1) did not correlate directly with the temperature regime at the sites (site 1 > site first 4 weeks of the study, that the extreme temperatures of site 1 (>40°C) were actually inhibitory to bacterial activity, or that other variables were interacting with temperature to influence bacterial growth in a more complex manner. Although initial chemical composition is apparently a good predictor both of relative biodegradability and relative weight-based production by attached bacteria for these three plant species in L Lake, the chemical composition of each plant changed from its initial composition as the study progressed and the detritus aged. When current chemical composition was related to bacterial production, we found the nitrogen and lignin content to be positively related to bacterial production throughout the decomposition of the plant detritus and the cellulose content and C/N ratio to be negatively related to production. The positive correlation of production with lignin content is unexpected, since lignin is a highly refractory biopolymer (14, 49) and rates of vascular plant decomposition are generally inversely correlated with the percentage of lignin (19, 33) . Moreover, the initial lignin content appears to be negatively related to the average rate of bacterial production supported by the three plant species. The positive relationship between nitrogen content and production is not necessarily indicative of increased nitrogen availability to bacterial degraders, since highly refractory products of humification may account for a large fraction of the detrital nitrogen (38, 42) .
Secondary production of attached bacteria might be expected to be directly related to rates of detritus decomposition and therefore to rates of weight loss of the detritus. Rates of bacterial production on the three plant species correlated well with their weight loss rates, in that ordering of the plants was P. lietnitonont < J. eflusits < T. latifolio for both measures. In addition, results from the regression analyses indicate that calculated bacterial production rates and measured weight loss are positively correlated. The specific rate of weight loss was a significant predictor of bacterial production in a simple regression (weight basis only), although the 1-2 value indicates that it explains less than 30% of the variation in production; weight loss was also a significant variable in the multiple regression (weight basis only). We further investigated the potential relationship between bacterial production and detrital weight loss by comparing measured specific rates of weight loss from the litterbags (milligrams of material lost per milligram of material remaining per day) with bacterial carbon demand calculated from [3H]TdR incorporation rates. Provided that we have a reasonable estimate of the carbon conversion efficiency of bacteria growing at the expense of vascular plant carbon, production measurements can be used to estimate the carbon demand of bacterial decomposers and therefore the contribution of bacteria to detritus weight loss. A simple simulation model (Stella, High-Performance Systems; Fig. 6 ) was used to generate a weight loss curve from the bacterial production measurements on J. efli.sits at site 1. Bacterial production (micrograms of bacterial C per milligram of detritus per day) was assumed to be 30% of the total bacterial carbon utilization (2) Although evidence has often suggested that bacteria play a secondary role to fungi in the decomposition of vascular plant detritus in terrestrial ecosystems (13, 30) Model prediction of bacterial decomposition corrected for solubilization of detrital material are also shown (---). (8, 45) . The activity of this animal conceivably resulted in either direct ingestion of plant material or extensive shredding of plant tissue and subsequent loss of small pieces through the 1-mm litterbag mesh. The kinetics of weight loss from the litterbags is not inconsistent with the hypothesis that a nonbacterial component is important in the disappearance of the plant material. Whereas a decreasing or constant specific rate of decomposition is the kinetic pattern normally seen for microbial decomposition of vascular plant material (5, 35a) , an increasing specific rate was found for vascular plant material degrading in L Lake, with the increase coinciding temporally with the appearance of the abundant insect fauna.
In determining the production of bacteria growing at the expense of plant detritus, errors (15, 41) and is similar to, but twofold higher than, the only factor calculated for bacterial growth on plant detritus, 4 .0 x 1018 cells mol-' for growth on S. (alterniflora detritus (17) . Thus, our empirically determined factor is at the high end of the range of values found for many other systems, and its use is unlikely to result in significant underestimation of production of bacterial carbon. The simulation model predicts that the L Lake conversion factor would have to be increased approximately 10 We were unable to test this possibility by characterizing the mode of attachment of bacterial cells in situ, but we suggest the idea of a fragile veneer as a possible mechanism for the underestimation of bacterial production on plant detritus. Bacterial production measured in this study (0.01 to 0.81 pLg of C mg-' day-') is somewhat lower than production measured on fresh leaf detritus (up to 4.5 pg of C mg-' day-' [17a] ) and on fresh seagrass detritus (1.1 pLg of C mg-' day-' [27] ) but comparable to bacterial production on older, standing dead grass leaves (0.18 p.g of C mg-' day'; R. D.
Fallon and S. Y. Newell, personal communication).
A further possible cause of the discrepancy between bacterial production measurements and detritus weight loss, and perhaps one of the most likely, is the conversion of particulate detrital material into dissolved detrital material prior to its utilization by bacteria. Nonlignocellulosic components of plant material (simple sugars, amino acids, proteins, lipids, etc.) rapidly leach from plant material following its deposition as detritus (7, 21, 44 55, 1989 on July 10, 2017 by guest http://aem.asm.org/ Downloaded from duction on the nonlignocellulosic components of plant material was not measured, and assuming that production on the lignocellulosic components was underestimated by 40%, a second decomposition curve was generated by the simulation model (Fig. 6) . In this case, 66% of J. effusus detritus is predicted to remain after 22 weeks of decomposition in L Lake, compared with the measured value of 17%. Provided that our estimates of bacterial production and correction for solubilization of particulate detritus are reasonable, this revised model predicts that approximately 40% of the weight loss of J. effusus is attributable to bacterial decomposition of the plant detritus, whereas disappearance from the litterbags of the remaining 60% is due to nonbacterial factors.
We conclude that bacterial production (measured as
[3H]TdR incorporation into DNA) by bacteria attached to plant detritus in L Lake correlates well with factors which have long been assumed to influence decomposition rates of vascular plant material in aquatic environments; these include nitrogen content, C/N ratio of the plant detritus, and temperature. An additional factor examined in this study, cellulose content, is apparently also a good predictor of bacterial production on vascular plant-derived carbon. However, despite the statistical relationship with environmental and plant biochemical parameters, the calculated bacterial carbon demand based on [3H]TdR incorporation rate is sufficient to account for only a portion of the measured weight loss of plant material degrading in L Lake. The most likely reasons for this discrepancy are the shredding activity of the abundant insect community, which potentially caused nonbacterially-mediated losses of plant detritus, and the conversion of particulate detritus into dissolved forms prior to bacterial utilization.
